autoimmunity ͉ neuroprotection ͉ neurodegenerative conditions ͉ hippocampal slice cultures ͉ immune regulation T he systemic adaptive T cell-dependent immune response plays a key role in the ability of neurons in the central nervous system (CNS) to withstand injurious conditions (1-3). Studies from our laboratory have shown that, after a CNS injury, T cells nonselectively migrate to the site of injury (4), and suggest that homing T cells, which encounter their relevant antigens at the lesion site, are the ones that contribute to the repair. Such T cells become locally activated to produce neurotrophic factors (5) and cytokines, which are capable of affecting the activity of resident microglia and hence the fate of threatened neurons. We further showed that the T cell-dependent protection evoked after an axonal injury, being an anti-self-response (6), is constitutively limited by naturally occurring CD4 ϩ CD25 ϩ regulatory T cells (Treg) (6). It is, however, amenable to therapeutic boosting, either by postinjury immunization with antigens derived from dominant proteins residing in the site of damage or by depletion of Treg (2).
Autoimmune CD4 ؉ T cells can mediate the ability to withstand neurodegenerative conditions. Here we show that the ability to spontaneously manifest a T cell-dependent protective response is restricted by naturally occurring CD4 ؉ CD25 ؉ regulatory T cells (Treg); depletion of Treg was beneficial in two mouse strains (C57BL͞6J and BALB͞c͞OLA) differing in their spontaneous T celldependent ability to withstand the consequences of optic nerve injury. Passive transfer of exogenous Treg was destructive in BALB͞c͞OLA mice (which can spontaneously manifest a T celldependent protective anti-self response to injury) but beneficial in C57BL͞6J mice (which have only limited ability to manifest such a response). This dichotomy was resolved by the finding that, in severe combined immunodeficient mice, a beneficial effect is obtained by passive transfer of either Treg-free CD4 ؉ T cells (Teff) or Treg alone, indicating that neuroprotection can be achieved by either Treg or Teff in the absence of the other. We attribute these disparate effects of Treg to their differential interaction (in part via IL-10 and transforming growth factor ␤) with local innate immune cells (microglia) in the presence and in the absence of effector T cells. Activation of microglia by pro-and antiinflammatory cytokines in suitably controlled amounts might trigger different signal transduction pathways, each of which induces a neuroprotective microglial phenotype. These results suggest that, under neurodegenerative conditions, the effects of Treg, and possibly also of other regulatory T cells, might not be uniform, and that their expression in different individuals might be genetically determined. Therefore, therapeutic intervention based on induction of regulatory T cells might have limitations.
autoimmunity ͉ neuroprotection ͉ neurodegenerative conditions ͉ hippocampal slice cultures ͉ immune regulation T he systemic adaptive T cell-dependent immune response plays a key role in the ability of neurons in the central nervous system (CNS) to withstand injurious conditions (1) (2) (3) . Studies from our laboratory have shown that, after a CNS injury, T cells nonselectively migrate to the site of injury (4) , and suggest that homing T cells, which encounter their relevant antigens at the lesion site, are the ones that contribute to the repair. Such T cells become locally activated to produce neurotrophic factors (5) and cytokines, which are capable of affecting the activity of resident microglia and hence the fate of threatened neurons. We further showed that the T cell-dependent protection evoked after an axonal injury, being an anti-self-response (6) , is constitutively limited by naturally occurring CD4 ϩ CD25 ϩ regulatory T cells (Treg) (6) . It is, however, amenable to therapeutic boosting, either by postinjury immunization with antigens derived from dominant proteins residing in the site of damage or by depletion of Treg (2) .
Treg comprise Ϸ10% of the CD4 ϩ T cell population, and have been widely viewed as safeguards against the pathogenic effects of autoimmune CD4 ϩ CD25 Ϫ effector T cells (Teff) thought to have escaped from the thymus during clonal deletion (7-10).
This view was challenged, however, as a result of findings by our group, which suggested that a T cell subpopulation such as Treg is needed, at least in the context of neurodegeneration, not as a way to avoid the occurrence of autoimmunity, but as a means of allowing autoimmune T cells to exist on permanent stand-by, ready for activation when the need arises (6) . This view appears at first sight to contradict the finding that mucosally administered self-antigens, for example, myelin basic protein or myelin oligodendrocyte glycoprotein, can boost the ability of rodents to withstand the neurodegenerative aftermath of optic nerve crush (11) or stroke (12) , respectively, via induction of T cells that produce the characteristic regulatory cytokine IL-10 (13, 14) .
The hypothesis underlying the present study is that regulatory T cells (both naturally occurring and mucosally induced) exert differential effects in different strains, depending (at least in part) on the constitutive ability to regulate autoimmunity (15) . To test this hypothesis, we used a model of glutamate toxicity in the mouse eye. The amino acid glutamate is a vital neurotransmitter (16) that, at high concentrations, is toxic to neurons (17) . Normally, the concentration of glutamate in the CNS is extremely low (2 M) compared to its concentration in peripheral blood (80 M). Glutamate is inert at the periphery and exerts its effect only via interaction with its specific receptors, which are found mainly on neurons and glial cells (18) . In neurons that suffer a mechanical injury, an increase in extracellular glutamate is a common cause of the secondary degenerative process that results in progressive neuronal death (19, 20) . Glutamatemediated neurotoxicity is also a factor in the etiology of chronic neurodegenerative diseases (such as glaucoma) (21) and mental disorders (such as schizophrenia) (22) . Studies by our group have shown that the ability of retinal neurons to withstand glutamate toxicity is at its lowest in animals whose adaptive immunity is deficient (23) .
The results of this study showed that, after glutamate intoxication, boosting of autoimmune T cells by vaccination with specific retinal autoantigens was neuroprotective in both BALB͞ c͞OLA and C57BL͞6J mice, i.e., in two strains that differ in their spontaneous T cell-dependent ability to withstand the consequences of a CNS injury (24) . Similarly, elimination of Treg improved neuronal survival in both strains. In contrast, exogenously supplied Treg had opposite effects in the two strains. In BALB͞c͞OLA mice (shown to be capable of spontaneously manifesting a neuroprotective autoimmune response to injury; ref. 24) , Treg significantly weakened the ability to fight off neurodegeneration, whereas in C57BL͞6J mice (in which the physiological protective response is severely limited; ref. 24 Labeling of Retinal Ganglion Cells. Mice were anesthetized as described above and placed in a stereotactic device. The skull was exposed and the bregma was identified and marked. The neurotracer dye FluoroGold (5% solution in saline, Fluorochrome, Denver) was stereotactically injected with a Hamilton syringe, and the skin over the wound was sutured (25) .
Induction of Toxicity by Injection of Glutamate. The right eyes of anesthetized mice were punctured with a 27-gauge needle in the upper part of the sclera, and a Hamilton syringe with a 30-gauge needle was inserted as far as the vitreal body. Each mouse was injected with a total volume of 1 l of PBS containing Lglutamate (400 nmol; Sigma).
Assessment of Retinal Ganglion Cell (RGC) Survival.
At the end of the experimental period, the mice were given a lethal dose of pentobarbitone (170 mg͞kg). Their eyes were enucleated, and the retinas were detached, prepared as flattened whole mounts in 4% paraformaldehyde in PBS, and labeled cells from four to six fields of identical size (0.076 mm 2 ) were counted (25, 26) . The average number of RGCs per field was calculated for each retina. The number of RGCs in the contralateral (uninjured) eye was also counted, and served as an internal control.
Vaccination with Retinal Antigens. The retina-specific proteins S antigen (S-Ag; retinal arrestin) and interphotoreceptor retinoid binding protein (IRBP) were purified from bovine retina. S-Ag was the kind gift of Paul Hargrave and Hugh McDowell (University of Florida, Gainesville). Bovine IRBP was purified from retinal extracts as described (27) , by affinity chromatography on Con A followed by fast performance liquid chromatography.
Bovine S-Ag was prepared from the Con A column flowthrough. The extract was dialyzed against 10 volumes of 10 mM Hepes͞15 mM NaCl͞1 mM EDTA͞1 mM benzamidine, pH 7.0, with the buffer changed once. S-Ag was purified by the method of Buczylko and Palczewski (28) as modified by Puig et al. (29) . The eluant in the heparin-agarose column was finally eluted via a column in which the NaCl gradient was from 10 to 400 mM. The vaccination consisted of 50 g of antigen in complete Freund's adjuvant (Difco).
In Vitro Model of Hippocampal Slices. BALB͞c͞OLA mice, aged 8-10 days, were decapitated and their brains were rapidly removed under sterile conditions and placed in ice-cold preparation medium consisting of minimum essential medium (MEM; GIBCO) with 1% L-glutamine (GIBCO) at pH 7.35. The frontal pole was removed, and the brains were cut into 350-m horizontal slices on a vibratome (Pelco, Redding, Germany), beginning at the ventral surface. Slices containing the hippocampi were cultured on Falcon cell culture inserts, pore size 0.4 m (Becton Dickinson), in six-well plates. The cultivation medium contained 50% MEM, 25% HBSS (GIBCO), 25% normal horse serum, 2% glutamine, 10 g͞ml insulin-transferrin-sodium selenite supplement (Boehringer Mannheim), 2.64 mg͞ml glucose (Braun, Melsungen, Germany), 0.1 mg͞ml streptomycin, 100 units͞ml penicillin, and 0.8 g͞ml vitamin C (all from Sigma). Organotypic hippocampal slice cultures (OHSCs) were incubated at 35°C in a humidified atmosphere with 5% CO 2 for 24 h, during which time the slices were either left untreated or treated with 4 ϫ 10 5 microglia cells per well. Tissue loss was assessed by addition of propidium iodide (PI) (5 g͞ml; Sigma) to the medium for 30 min at the end of the incubation period. Excess PI was then washed away with cultivation medium, and the slices were prepared for microscopy and visualized. To quantify neural cell death in the OHSCs, PI intensity in each slice was assessed by use of IMAGE-PRO software (Media Cybernetics, Carlsbad, CA). PI staining intensity for a specific treatment was compared to the untreated control by using a two-tailed Student's t test. T cells (1.5 ϫ 10 5 per well) were added to the culture medium for 12 h. After treatment, microglia were washed three times with PBS and prepared for application on hippocampal slices.
Results
BALB͞c͞OLA and C57BL͞6J Mice, Although Differing in Postinjury Neuronal Survival, Can Both Benefit from Vaccination with SelfAntigens. We have previously shown that postinjury survival of RCGs, measured by their retrograde labeling 1 week after intraocular injection of glutamate, is significantly better in BALB͞c͞OLA than in C57BL͞6J mice (24) . Here we examined whether mice of both strains can benefit from boosting of their autoimmune response by vaccination with self-antigens expressed in the retina (the site of glutamate intoxication). Mice of both strains showed a significant increase in surviving RGCs after immunization with IRBP (Fig. 1a) or with S-Ag (Fig. 1b) . IRBP has been shown to cause experimental autoimmune uveoretinitis in C57BL͞6J mice (albeit at higher doses than those used in this study), but not in BALB͞c mice (31) . S-Ag is not uveitogenic in either strain. With both self-antigens, the percentage of neurons that survived was significantly higher in the BALB͞c͞OLA than in the C57BL͞6J mice. The protective effect, however, was more clearly apparent in the latter, possibly because the limited effectiveness of the endogenous protective mechanism in C57BL͞6J mice allows more room for remedial intervention.
CD4 ؉ CD25 ؉ T Cells Exert Opposing Effects in C57BL͞6J Mice. The above results suggested that the inherent limitation of the ability of C57BL͞6J mice to evoke a timely T cell-mediated protective response might be attributable to the constitutive presence of a suppressive mechanism. One such mechanism might, paradoxically, be provided by the naturally occurring CD4 ϩ CD25 ϩ Treg (32, 33) . Depletion of Treg was previously shown by our group to be an effective means of increasing neuronal survival after axonal injury in BALB͞c͞OLA mice (6) , but has never been tested in C57BL͞6J mice. Here we subjected C57BL͞6J mice to thymectomy 3 days after birth, a protocol known to result in depletion of Treg in mice (9) . As adults, these mice were subjected to glutamate intoxication. The loss of RGCs in the thymectomized C57BL͞6J mice was significantly lower than in nonthymectomized matched controls that were similarly exposed to glutamate toxicity (expressed as a percentage of RGCs in normal nonintoxicated matched controls in each case; 29 Ϯ 1.8% compared to 44 Ϯ 2.0%, P Ͻ 0.001; Fig. 2a) . These results suggested that the weak spontaneous T cell-dependent response to a CNS insult in wild-type C57BL͞6J mice is due, at least in part, to Treg, which have a negative effect on the ability of the mice to withstand injurious conditions.
To verify that the beneficial effect of Treg depletion in wild-type C57BL͞6J mice is indeed caused by their negative effect, we replenished glutamate-intoxicated wild-type C57BL͞6J mice with passively transferred Treg. We anticipated that injection of these mice with Treg on top of existing endogenous Treg would further exacerbate neuronal survival. Surprisingly, however, the effect of this injection was beneficial (Fig. 2b) , resulting in significantly decreased RGC loss relative to matched glutamate-intoxicated controls that were injected with PBS free of T cells or with naïve effector T cells (33 Ϯ 3.1% compared to 43 Ϯ 1.8% or 44.5 Ϯ 2.9%, respectively; P Ͻ 0.05). These results thus suggested that the ability of wild-type C57BL͞6J mice to withstand glutamate toxicity can be improved either by depletion or by exogenous supplementation of Treg. (6) . This finding prompted us to examine the effect of Treg in BALB͞c͞OLA mice after glutamate intoxication. Here too, as in the earlier study (6) , injection of activated Treg caused a significant decrease in RGC survival (Fig. 3a) , confirming that the adverse effect of Treg on neuronal survival in the BALB͞c͞OLA strain occurs independently of the type of acute insult, and that injection of Treg in strains that differ in genetic control of the immune response might result in nonuniform results.
To determine whether the negative effect of the injected Treg on RGC survival in BALB͞c͞OLA mice is due to downregulation of their spontaneous T cell-dependent protective mechanism, which in C57BL͞6J mice is severely limited, we injected Treg into glutamate-intoxicated SCID mice of the BALB͞c͞OLA strain. We anticipated that if the adverse effect of Treg in BALB͞c͞OLA mice is exerted via their suppressive effect on the endogenous T cell-dependent mechanism, then their injection into SCID mice would result in no effect. Surprisingly, however, Treg injection in these immune-deficient BALB͞c͞OLA mice was protective, resulting in decreased RGC loss (47 Ϯ 3.0% in PBS-treated SCID mice compared to 32 Ϯ 3.5% in Treg-treated SCID mice, P Ͻ 0.01; Fig. 3b) .
These results suggested that the adverse effect of Treg in the wild-type BALB͞c͞OLA mice, unlike their beneficial effect in the SCID mice, results from their suppression of the T celldependent protective mechanism, thus further supporting the contention that the ability to respond to immune manipulations based on regulatory T cells is strain-related (34).
The Treg Neuroprotective Response Is Mediated in Part Through
Microglial Activation by Treg-Derived IL-10 and͞or TGF-␤. We postulated that one way in which T cells confer neuroprotection occurs via their homing to the site of a lesion (35) , where they influence the behavior of the local microglia (36) . To gain some insight into the mechanisms underlying the beneficial and the inhibitory effects of Treg on neuronal survival, we carried out an in vitro experiment by using OHSCs. With this preparation, excision of the hippocampus corresponds to the primary insult, and the subsequent neural death in vitro is therefore a measure of secondary degeneration of the neural tissue (37, 38) . Microglia were exposed to activated Teff, Treg, or both, and then Fig. 2 . Decreased neuronal loss in C57BL͞6J mice after depletion or exogenous supply of naturally occurring regulatory CD4 ϩ CD25 ϩ T cells. (a) Adult C57BL͞6J mice that had been thymectomized 3 days after birth and wild-type adult mice of the same strain were injected intravitreally with a toxic dose of glutamate (400 nmol). Significantly more RGCs survived in the thymectomized mice than in control (nonthymectomized) age-matched mice (P Ͻ 0.001; Student's t test; n ϭ 5-6 in each group, indicated by ***). (b) Adult C67BL͞6J mice were injected with 1.5 ϫ 10 6 CD4 ϩ CD25 ϩ T cells (Treg) or with PBS (control) and were then exposed to intravitreal glutamate toxicity (400 nmol). In mice that received an exogenous supply of Treg, RGC loss was significantly decreased relative to PBS-or Teff-injected control mice (P Ͻ 0.05; two-tailed Student's t test; n ϭ 7-8 in each group, indicated by *). For ease of comparison between the two sets of experiments, graph bars indicate the percentage of RGC loss. CD4 ϩ CD25 Ϫ T cells (Teff) were exposed to intravitreal glutamate toxicity (400 nmol). Significantly fewer RGCs survived in mice that received Treg than in either PBS-treated control mice or mice treated with Teff (P Ͻ 0.01; two-tailed Student's t test; n ϭ 8 in each group, indicated by **). (b) SCID mice of the BALB͞c͞OLA strain were injected with 1.5 ϫ 10 6 CD4 ϩ CD25 ϩ T cells (Treg) or with PBS (control) and were then exposed to intravitreal glutamate toxicity (400 nmol). Significantly more RGCs survived in the mice that had received Treg than in PBS-treated control mice (P Ͻ 0.01; two-tailed Student's t test; n ϭ 6 -7 in each group, indicated by **). For ease of comparison between the two sets of experiments, graph bars indicate percentage of RGC loss.
washed well and added to OHSCs. Survival of neural tissue, assessed by the intensity of PI staining in the dentate gyrus within the hippocampal slices, was taken as a measure of the protective or the destructive activity of the microglia. Application of enriched untreated microglial cultures (80-85% pure) had a slight but nonsignificant effect on neuronal survival in the OHSCs (Fig. 4a) . Microglia preincubated with either Treg or Teff significantly decreased neural death in these cultures (Fig.   4a ). These results suggested that both Treg and Teff could endow microglia with a protective phenotype. However, treatment of microglia with a combination of Teff and Treg wiped out the protective effect observed upon treatment with each of these T cell populations separately (Fig. 4a) . Representative photomicrographs are shown in Fig. 4 b-e.
It is commonly accepted that Treg exert their effect, at least in part, via production of TGF-␤ or IL-10 (14, 39, 40) . Moreover, in a C57BL͞6J mouse model of stroke, nasally administered myelin oligodendrocyte glycoprotein was recently shown to confer neuroprotection via IL-10 (12). We therefore considered the possibility that the Treg-induced effect on microglia is partially dependent on IL-10 or TGF-␤, and that the neuroprotective effect of Teff is mediated, at least in part, through IFN-␥ (41). Microglia exposed to IFN-␥ were indeed found to be protective when added to OHSCs (O. Butovsky, A. Talpalar, K. Ben-Yaakov, and M.S., unpublished observations). Examination revealed that the protective effect of microglia preincubated with IL-10 or TGF-␤ was similar to that of microglia incubated with IFN-␥ (Fig. 4f ) .
Discussion
In this study we demonstrate strain-related ability of naturally occurring Treg to act, under neurodegenerative conditions in the CNS, as effector cells, suppressor cells, or both. It seems that the opposing effects of this dual activity reflect the immune status of the tissue, as determined by genetic control of the immune response. We further showed that both the suppressor and the effector activities could be mediated through dialogue with microglia, and could be mimicked, at least in part, by IL-10 or TGF-␤.
We have previously shown that injury to the CNS evokes a protective autoimmune response directed against dominant proteins presented by antigen-presenting cells at the lesion site (6, 42) . After an acute injury, BALB͞c͞OLA mice are able to manifest a protective T cell-dependent response spontaneously, whereas C57BL͞6J mice are not, or at least not within the therapeutic time window (24) . The ability to spontaneously manifest a neuroprotective response apparently depends on the genetically determined ability to activate autoimmune T cells (Teff) (6, 43) , which normally are kept under permanent Tregmediated control (44) .
Recent studies in our laboratory have shown that depletion of Treg in BALB͞c͞OLA mice significantly improves neuronal survival after mechanical injury of the optic nerve (6, 45, 46) , presumably because it allows more efficient activation of Teff. However, neuronal survival can also be significantly improved by myelin antigens administered mucosally (11, 12) , via a mechanism that was suggested to be IL-10 dependent (12) . We undertook the present study with the aim of clarifying contradictory findings in connection with T-cell regulation of immunemediated neuroprotection in general, and of IL-10 in particular. In all published studies of oral or nasal tolerance, the reported experiments have been restricted to rats or mice that are susceptible to CNS-related experimental autoimmune diseases (Lewis rats and C57BL͞6J mice) and, in correlation, whose ability to spontaneously recruit a T cell-dependent protection after acute CNS insult is limited (24) . In contrast, the studies in which we showed that passive transfer of Treg decreases the ability to withstand the consequences of CNS injuries were carried out in BALB͞c͞OLA mice, a strain endowed with the spontaneous ability to resist the consequences of acute optic nerve injury (23, 24) .
In attempting to resolve these apparently contradictory results, we discovered that, under certain conditions, even Treg can display a protective response. Thus, whereas Treg inhibited the ability of wild-type BALB͞c͞OLA mice to cope with the neurodegenerative consequences of injury, in SCID mice on the same background they were protective. Moreover, our present findings that, in C57BL͞6J mice, depletion of Treg and passive administration of Treg both resulted in increased neuronal survival are in line with the apparently contradictory observations in this strain that active vaccination with self-antigens in complete Freund's adjuvant is protective (present study) and that oral immunization with myelin oligodendrocyte glycoprotein leads to neuronal rescue after stroke (12) . On the basis of the above findings, we suggest that, in the absence of any intervention in BALB͞c mice, Treg interfere only partially with the spontaneous response to injurious conditions, whereas in C57BL͞6J mice they block it.
Taken together, the above results suggest that the inherent inability to manifest a T cell-dependent protective autoimmunity after an acute CNS insult (as, for example, in C57BL͞6J mice) is a reflection not of a T cell-dependent destructive mechanism but of the failure of Teff to spontaneously overcome the normal suppression imposed by Treg. However, in the absence of the ability to spontaneously harness Teff (as in wild-type C57BL͞6J mice) or in immune-deficient mice, Treg can induce the microglia to adopt a favorable phenotype. The effects of Treg and Teff on microglia are evidently expressed via different and even mutually antagonistic cytokines and therefore probably via different intracellular pathways (47, 48) . Nevertheless, both T cell populations are capable of ensuring that the innate response represented by the microglia will be properly regulated.
Among the effector T cells that can be locally activated for the benefit of injured tissue are T helper 1 (Th1) and Th2 cells directed to self-antigens (2, 38) . The characteristic cytokine of these T cells is IFN-␥. IL-10 is a characteristic cytokine of induced regulatory T cells (14, 39) . The mucosally induced protective effect in C57BL͞6J mice has also been attributed to . In a rat model of spinal cord injury, homing T cells were colocalized with microglia expressing class II major histocompatibility complex proteins at the lesion site (30) . Therefore, it seems reasonable to assume that the beneficial effect of such T cells is achieved, at least in part, through their proper activation of microglia. Interestingly, however, although each of these T-cell populations was able to endow microglia with a neuroprotective phenotype when administered on its own, when Teff and Treg were administered together not only there was no additive effect, but the effect of each was wiped out by the other. Studies have provided evidence indicating that Teff home to the site(s) of injury in the CNS (49) . As to Treg, data from studies of autoimmune diseases suggest that these cells are well endowed with the ability to migrate to tissues (15) .
Acquisition by microglia of a particular phenotype after CNS injury can have a profound effect on the tissue (50, 51) . Studies from other laboratories as well as ours have shown that microglia can acquire a phenotype that is protective, destructive, or merely ineffective, depending on the stimulus (48, (52) (53) (54) . In a strain (such as BALB͞c͞OLA) that is genetically equipped to regulate autoimmunity, the balance between the need for autoimmunity and the need for Treg (to prevent autoimmune disease) seems to be properly met. In contrast, in C57BL͞6J mice the ratio between Teff and Treg appears not to be optimal, with consequent failure to manifest the prompt autoimmune response needed to fight off neurodegenerative disorders, to shut off the immune response once turned on, or both (36, 55) .
Many therapeutic strategies for autoimmune diseases and neurodegenerative disorders are based on induction of immune regulation (by strengthening both naturally occurring and antigen-induced regulatory T cells), with the aim of altering or down-regulating the phenotype of the T cellmediated response (56 -58) . According to the present results, clinical treatment protocols based on IL-10 or any other regulatory cytokine for neurodegenerative disorders would have to be individually suited to particular patients depending on their natural susceptibility to autoimmune disease development. Therefore, regulation-based therapies for CNSrelated pathologies should be designed and administered with extreme caution.
